Abstract-The amplitude-phase coupling factor a (linewidth enhancement factor) is compared in typical semiconductor quantum-well and bulk double heterostructure lasers. As a direct consequence of the reduction of the differential gain, there is no reduction of a in the single quantum-well lasers compared to the bulk lasers. The number of quantum wells strongly affects the amplitude-phase coupling in quantum-well lasers. It is shown that the interband transition induced amplitude-phase coupling still dominates over that induced by the plasma effect of carriers in the typical quantum-well lasers. By considering the spontaneous emission factor in the spectral linewidth we show that there is an optimal quantum-well number for achieving the narrowest spectral linewidth.
where vg is the group velocity of the light, hv is the lasing energy, g is the modal gain, am is the mirror loss, P is the optical output power, nSp is the spontaneous emission factor, and a is the linewidth enhancement factor which reflects the amplitude-phase coupling in the lasers. The amplitude-phase coupling factor a is of fundamental importance in semiconductor lasers. It plays a crucial role in determining the field linewidth, the chirping characteristics, and in any attempts to control these characteristics.
The reduction of the spectral linewidth of semiconductor lasers is important in optical communication, since a narrower spectral linewidth enables a larger number of communication channels by reducing the pulse spreading in digital systems and in analog systems, which are all influenced by signal distortion due to fiber dispersion. The amplitude to phase coupling is also the major factor causing undesired frequency modulation (FM) (chirping) associated with the amplitude modulation (AM) [3] in semiconductor lasers. And in some circumstances the amplitude noise (or the phase noise) can be reduced through the decorrelation of phase-amplitude coupling [4] in semiconductor lasers.
It has been believed that quantum-well (QW) lasers would be a good candidate to achieve a much narrow spectral linewidth due to the reduction of linewidth enhancement factor a compared to that of bulk lasers [ 5 ] , [6] . The single quantum-well (SQW) lasers were expected to be superior to their multiple quantum-well (MQW) counterparts in the spectral linewidth due to the smaller spontaneous emission factor nSp in SQW lasers [7] . The reduction of the a factor in the QW lasers has been attributed to the differential gain enhancement compared to bulk lasers [5] , [6] . However, in our recent study, we found that there is a significant modification to the expected differential gain enhancement in QW lasers if the unavoidable thermal population of injected carriers in the optical confining region (state filling effect) is included [8], [9] . In this paper, we present an analysis which shows how the amplitude-phase coupling factor a and the spectral linewidth in QW lasers are influenced by the modification of the differential gain enhancement due to state filling.
The linewidth enhancement factor a is defined as
where N is the injected carrier density, xr and xi are real and imaginary part of the effective optical susceptibility 
E is L e photon energy, T2 is the collisional dephasing time, f, and fh are the quasi-Fermi distribution functions for electrons and holes, respectively, p i , , is the density of states function which represents either the step-like twodimensional (2-D) reduced density of states for the QW structures or the parabolic three-dimensional (3-D) density of states for the bulk double heterostructure (DH), i designates either light holes ( j = I) or heavy holes ( j = h ) , A , ( € ) includes the transition dipole moment and the polarization modification factor for the dipole moment in the QW structure. r is the conventional confinement factor for the DH structures and is equal to 1 / t for the QW structures, where t is the effective lateral width of the optical mode. The modal gain of the laser devices is related to Xi by where n, is the modal effective refractive index.
We calculated the a parameter at the modal gain peak for typical GaAs-AlGaAs QW and DH lasers. For QW structure we assume a symmetric 4000 A AIo sGao 5 A~-Alo 25Gao 75 As graded index separ!te confinement heterostructure (GRINSCH) with 100 A GaAs quantum wells at its center. For DH lasers we assume an Al, 35Gao 6 5 A~-GaAs DH with GaAs active layer thickness 0.1 pm. The calculation is made for the dominant TE mode in the DH lasers and in the GRINSCH SQW, three quantum wells (3QW), and five quantum wells (5QW) lasers, respectively. We have assumed parabolic and uncoupled subbands. Typical values of effective masses for electrons and holes in GaAs material are adopted and T2 = 0.1 ps is used.
In Fig. 1 we show the a parameter at the gain peak as a function of the modal gain. It is important to note that there is no reduction of a parameter in the SQW structure. On the contrary, the a parameter in SQW structure is much larger than that in DH structure. The explanation to this is the following. A decrease of carrier density (due to spontaneous emission) results in a decrease of quasi-Fermi energies. The change of Fermi energies is relatively small due to the unavoidable thermal population of carriers among the large density of states in the SCH confining region. The carrier density change in the SCH confining region contributes relatively little to the change of x, due to the nonresonance nature of C,(€ -E ) [see (6) QW. The resulting change in the denominator of (2) is thus small. On the other hand, the carrier density change in SCH confining region cantributes a relatively large amount to the change of X , due to the long tail of C,(E -E ) at high energy [see (7) ]. Apparently, a large carrier population in the SCH region will enhance this effect. This leads to an increase of the a parameter in the SQW lasers. The abrupt drop of the a curve for the SQW structure in Fig. 1 is due to the onset of the second quantized state lasing which leads to a differential gain [or the denominator in (2)] enhancement. Fig. 1 also shows that the use of MQW leads to a reduction CY. This is attributed to the reduction of the state filling in the SCH optical confining region [9], which results in an additional differential gain enhancement in MQW lasers. However, the reduction of Q in the MQW structures is not significant in comparison to the a in bulk DH structures.
Generally the amplitude and phase coupling in semiconductor lasers consists of an interband transition component (as we have discussed above and shown in Fig. 1 ) and a free-carrier component. The free-carrier component of a stems from the plasma effect of injected carriers and has been shown to be much smaller than the interband transition component in bulk lasers [lo] . We plotted in Fig. 2 the calculated free-carrier component of a at the optical gain peak in the assumed QW and bulk lasers as a function of the modal gain. It was suggested that the carrier fluctuation in the optical confining layers affect the amplitude-phase coupling through a significantly large free-carrier component of a in SCH QW lasers [ 113. We show in Fig. 2, comparing with Fig. 1 , that the interband transition component of a is still dominant in the QW lasers. Fig. 2 shows that the free-carrier component of a is larger in SQW lasers and is smaller in MQW lasers compared to the bulk lasers. The explanation is referred to the differential gain behavior in these lasers. Equation (1) shows that, in addition to the a parameter, the spontaneous emission factor nsp also plays an important role in determining the spectral linewidth of semiconductor lasers. nsp is the ratio of the spontaneous emission rate into the lasing mode to the stimulated emission rate and is given by --
The calculated spontaneous emission factor at the gain peak as a function of the modal gain for the assumed QW and bulk DH lasers is plotted in Fig. 3 . It shows that QW lasers possess lower nsp than that of DH lasers. The SQW lasers have the smallest nJp. This is due to the 2-D flat density of states distribution in the QW structures, which makes it necessary to have a larger inversion in QW structures compared to bulk DH structures in order to achieve the same modal gain. Equation (1) shows that n,(l + a 2 ) is the figure of merit for the spectral linewidth in semiconductor lasers of different structures. Notice that a decreases and nsp increases in the QW lasers as the number of quantum wells increases, there might be an optimal quantum-well number for achieving the narrowest spectral linewidth. To compare the linewidth enhancement in different laser structures, we plot nsp (1 + a2 ) at the gain peak as a function of the modal gain in Fig. 4 , where both the interband transition component and the free-carrier component of a are included. It can be seen that MQW lasers possess narrower linewidth compared to bulk lasers and this is attributed mainly to the smaller nsp in the MQW lasers. The linewidth of the SQW lasers can be either smaller or larger than that of the bulk lasers depending on the modal gain. 
CONCLUSION
In conclusion, we find that there is an enhancement in the amplitude-phase coupling in SQW lasers compared with that of bulk DH lasers. This is due mainly to the reduction in differential gain caused by the state filling effect in SQW lasers. The amplitude-phase coupling is reduced in MQW lasers due to the extra differential gain enhancement. It is shown that the interband transition induced amplitude-phase coupling is dominant compared to that induced by the plasma effect of injected carriers in typical QW lasers. Compared to bulk lasers, the reduction of amplitude-phase coupling is not significant in MQW lasers. Due to the smaller spontaneous emission factor nsp in QW lasers, the QW lasers may have narrower linewidth than that of the bulk lasers and there is an optimal QW well number for achieving the narrowest spectral linewidth in the QW lasers.
